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ABSTRACT 
 
Vegetative filter strips (VFS) are an effective methodology used for storm water 
management particularly for large urban parking lots.  An optimization model for the 
design of vegetative filter strips that minimizes the amount of land required for 
stormwater management using the VFS is developed in this study.  The resulting 
optimization model is based upon the kinematic wave equation for overland sheet flow 
along with equations defining the cumulative infiltration and infiltration rate.  
In addition to the stormwater management function, Vegetative filter strips (VFS) 
are effective mechanisms for control of sediment flow and soil erosion from agricultural 
and urban lands. Erosion is a major problem associated with areas subjected to high 
runoffs or steep slopes across the globe. In order to effect economy in the design of grass 
filter strips as a mechanism for sediment control & stormwater management, an 
optimization model is required that minimizes the land requirements for the VFS. The 
optimization model presented in this study includes an intricate system of equations 
including the equations defining the sheet flow on the paved and grassed area combined 
with the equations defining the sediment transport over the vegetative filter strip using a 
non-linear programming optimization model. In this study, the optimization model has 
been applied using a sensitivity analysis of parameters such as different soil types, 
rainfall characteristics etc., performed to validate the model.
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1. INTRODUCTION 
1.1 Introduction to Vegetative Filter Strip (VFS) System 
 More than 50% of the population of the world lives in urban centers and it is 
predicted to increase over the coming centuries (Central Intelligence Agency, 2011). 
Among the many effects of urbanization, change in the base-flow regime and natural 
runoff in such localities poses a great threat to the aquatic as well as terrestrial 
ecosystems in and around the area. This is caused on account of the increased runoff and 
degraded water quality in such a runoff. The increase in the volume of runoff is caused 
due to use of surfaces with low infiltration capacities in urban localities. “This altered 
hydrology combined with the introduction of pollutant sources that accompany 
urbanization (such as people, domesticated animals, industries, etc.) has led to water 
quality degradation in many urban streams ” (National Research Council (U.S.) et al., 
2009) .(Iowa State Department of Natural Resources, 2009; New Jersey Department of 
Environmental Protection, 2004) endorse use of vegetative filter strips (VFS) system for 
urban stormwater management and term it as a ‘Best Management Practice’ (BMP).  
Vegetative filter strips (VFS) or grass filter strips are vegetated surfaces that are 
provided in conjunction with the various urban and agricultural surfaces, where runoff is 
produced. Figures 1 and 2 illustrate typical VFS systems, respectively for a pavement and 
for an agricultural area. The U.S. Environmental Protection Agency (USEPA) defines 
vegetative filter strips as, “Vegetated filter strips (grassed filter strips, filter strips and 
grassed filters) are vegetated surfaces that are designed to treat sheet flow from adjacent 
surfaces. Filter strips function by slowing runoff velocities and filtering out sediment and 
other pollutants and by providing some infiltration into underlying soils. Filter strips were 
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originally used as an agricultural treatment practice, and have more recently evolved into 
an urban practice. With proper design and maintenance, filter strips can provide relatively 
high pollutant removal.”  
Filter strips work on the mechanism of slowing the flow velocities to provide a 
greater time for infiltration of the water into the underlying soils. With proper design and 
maintenance, VFS could also provide good sediment and contaminant removal. It is a 
well-known fact that there is a considerable increase in the runoff from an urbanized area 
as compared to the natural runoff. This is because of impervious surfaces such as 
concrete and other materials, which cover the land area in an urbanized region. Thus, the 
area available for infiltration of the rainwater is decreased causing increased runoff.  
(Garg, 2009) explains how the runoff increases in an urbanized region. Vegetative filter 
strips (VFS) could be a good solution for mitigating the storm water discharges in an 
urban scenario. These systems result in an increased infiltration leading to ‘natural’ 
attenuation of the storm water discharge, thus reducing the load on the wastewater and 
storm water conveyance and treatment systems considerably. Generally, the aim of 
design of a storm water system is to reduce the storm water discharge to the natural 
levels. This could be achieved by provision of vegetative filter strips in the vicinity of the 
paved regions, which act as a catchment for the rainwater.  
Grass filter strips or vegetative filter strips (VFS) are perfect examples of 
sustainable storm water and irrigation runoff management systems. These systems were 
originally developed in the first half of 20th century to address the problem of irrigation 
runoff from the agricultural fields. The runoff from agricultural fields generated through 
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Figure 1 Typical Vegetative Filter Strip for a Pavement (source: (Washington State 
Department of Transportation, 2008)) 
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Figure 2 Typical VFS for an Agricultural Area (Source: http://abe.ufl.edu/carpena/vfsmod/)  
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excess natural rainfall water or conventional irrigation practices such as free flooding, 
consisted of a number of contaminants such as the residues of the chemical contaminants, 
silts, pesticides etc. The designers therefore, felt a need to entrap these contaminants and 
the rich soil, which gets eroded along with the runoff in the agricultural area itself. 
Vegetative filter strips (VFS) or grass filter strips evolved as a containment system for the 
irrigation as well as storm runoff in an agricultural field as explained by (Akan, 2014).  
(Pan & Shangguan, 2006),  (Pan, Ma, & Shangguan, 2008) and  (Pan, Ma, & Shangguan, 
2010) explain the working and design of the vegetative filter strips as a system for 
sediment control in agricultural and urban scenarios.  (Abu Zreig, Rudra, & Whiteley, 
2001) presented a model called VFSMOD for vegetative filter strips to validate the 
design procedure, while  (Abu Zreig, Rudra, Lalonde, Whiteley, & Kaushik, 2004) 
confirmed the results using an experimental setup for the VFS as a sediment control 
system.  
The applicability of these systems as urban storm water management systems was 
established later on and became popular storm water management systems in numerous 
urban centers around the globe. But the properties of the urban storm runoff as well as the 
conditions of application of the system in the urban environment differed from those 
experienced in the agricultural scenario. (Deletic, 2001) experimented with runoffs with 
moderate sediment concentrations to simulate the urban scenario for the VFS. Similarly,  
(Han, Wu, & Allan, 2005) investigated highway runoff through his experiments. The 
results concluded that the vegetative filter strips were instrumental in removing almost 
85% of the sediment load. (Hussein, Ghadiri, Yu, & Rose, 2007) and  (Hussein, Yu, 
Ghadiri, & Rose, 2007) performed a detailed study of sediment trapping in a VFS system. 
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Apart from their applicability as a system for urban storm water control, grassed 
areas have been extensively used as containment systems for non-point sources of 
pollution, including pollution loads from agricultural and industrial processes.  (Deletic, 
2001) explains the applicability of the system as a pollution and sediment control 
mechanism and has also developed mathematical models for the design.  
 (Walsh, Barrett, Jr, & Charbeneau, 1998) state the economics and design 
involved in VFS as a storm water control measure for Highways. As far as the economics 
involved in the design and construction of the vegetative filter strip, the major constraint 
involved is the availability and the cost of land. The length of a VFS required for a 
particular area is dependent on various factors such as the underlying soil, rainfall 
characteristics, etc.  
The major hydrological processes involved in these systems include the sheet 
flow over the paved and the grassed area and the infiltration rate of the grassed area, 
which is largely dependent on the type of underlying soil. Thus, for every scenario where 
these systems are to be employed, a separate analysis of the hydrological and flow 
characteristics of the system is required. The main design objective is to find the area of a 
VFS required accommodating the runoff resulting from a storm and decrease the flow 
levels to the pre-construction phase (natural) discharges.  (Akan, 2014) developed a series 
of charts and mathematical solutions for the design of vegetative filter strips. These 
formulations give the area requirements for the vegetative filter strips considering the 
infiltration and other parameters.  
Soil erosion is another major problem having disastrous effects on the socio-
economic as well as environmental sustainability of the affected areas. The major 
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economic losses affected by soil erosion include loss of fertility of the soil, loss of 
agricultural produce and capacity reduction of storage structures, canals etc. Vegetative 
filter strips (VFS) present an effective and sustainable solution for sediment control at the 
source.  (Walsh et al., 1998) state “The effectiveness of these (VFS) for removing the 
pollutants in runoff from highways and other urban areas has not been demonstrated to 
the satisfaction of regulatory authorities and hence these technologies have been limited 
to applications as pretreatment devices for other structural runoffs”. This system has been 
used for controlling the soil erosion caused by agricultural runoff by entrapping the soil 
particles carried along with the runoff as explained by  (Dillaha & Hayes, 1991). Apart 
from agricultural runoff, vegetative filter strips could also be effectively used for 
controlling the sediments entering a canal or an irrigation system from the surrounding 
lands.  (Han et al., 2005) investigated the sediment removal mechanism of VFS and 
concluded that the system could be effectively used for removal of about 85% of the 
sediment load in agricultural runoff.  
 (Lee, Isenhart, Schultz, & Mickelson, 1998) used simulated rainfall and runoff to 
compare the sediment removal effectiveness of 3 m wide and 6 m wide VFS systems. A 
constant rainfall model was used and the results show that the 3 m strip successfully 
removed 66% of the inflow sediments while the 6 m removed about 77% in a short-term 
simulation.  
Numerous chemical contaminants originating from various polluted sites, 
pesticides and fertilizers used in the agricultural activities, untreated industrial runoffs 
etc., get adsorbed to the soil particles and are carried away into the natural water systems 
with the sediment load. The classic approach of provision of wastewater treatment for 
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runoffs is effective in case of point sources such as specific industrial runoffs, etc. But, as 
concluded by (Deletic, 2001) the non-point sources of pollution (NPSP) such as 
agricultural runoff, industrial and highly urbanized areas have a profound impact on both 
surface and ground water. It was observed that NPSP account for almost 50% of the total 
water pollution in the developed world (Olness, 1995). Vegetative filter strips (VFS) have 
been used in rural areas across the globe for decades to control the soil erosion. But the 
application of VFS in prevention of nutrients and pesticides from entering the nearby 
watercourses was investigated and recognized by (Novotny, 2003). Grassed areas are also 
widely used in controlling soil erosion and runoff from motorways (Walsh et al., 1998). 
 
1.2 State of Art in Practice 
Practical design approaches are based upon simplified hydrology and hydraulics 
of flow in the vegetative filter strips without any consideration of a design rainfall event 
or the hydraulics of overland sheet flow.  These include approaches such as the (Iowa 
State Department of Natural Resources, 2009) which only uses Manning’s equation and a 
sheet flow travel time relation  (Soil Conservation Service, 1988);  (Soil Conservation 
Service, 1975) which uses only Manning’s equation;  (New Jersey Department of 
Environmental Protection, 2004) and (Pennsylvania Department of Environmental 
Protection, 2006) provide a design procedure, which is based upon curves relating the 
slope and length of the vegetative filter strips for various soil conditions and vegetation 
types for specified levels or removal of suspended solids.  (Dillaha & Hayes, 1991) 
presented a design procedure for the VFS, which was based on studies performed by  
(Flanagan, Foster, Neibling, & Burt, 1989) giving a set of simplified equations for the 
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design.  (Ghadiri, Rose, & Hogarth, 2001) studied the effects of the grass cover on the 
VFS including the mechanism of sediment trapping.  (Le Bissonnais, Lecomte, & 
Cerdan, 2004) experimented to investigate the effects of the VFS on soil loss from 
agricultural fields.  
 Vegetative filter strips are a traditional feature in most of the agricultural areas 
around the globe, but their use in the urban scenario is a recent development. The 
construction of these systems is highly cost effective with landscaping being the only cost 
involved in most cases. Presently, approximate methods for length determination based 
on experience or rule of the thumb are used in most cases where construction of VFS 
systems is involved. Charts like the ones provided by  (Muñoz-Carpena, Parsons, & 
Gilliam, 1999; Muñoz-Carpena & Parsons, 2004), which are based on mathematical 
formulation for the flows and infiltration also find application in the design of the filter 
strips.  
Typically Manning’s equation is used to determine the depth of flow.  For 
example in the case of a VFS parallel to a pavement edge Manning’s equation is 
expressed as  
 =    .	
 ..         1.2.1 
Where y is the design flow depth (e.g. not to exceed 1 inch or 0.083 ft); Q is the runoff 
treatment design discharge; n is the Manning’s roughness coefficient (see Table 1); L is 
the width of the VFS and S is the slope of the filter strip parallel to the direction of flow. 
The velocity is then determined using 
 =                 1.2.2 
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sometimes set at 0.5 ft/sec. 
 
Table 1 Manning's n for Different Soil and Vegetation Conditions 
Soil and Vegetation Conditions Manning’s n 
Fully compacted and hydroseeded 0.2 
Compaction minimized and soils amended, hydroseeded 0.35 
Compaction minimized, soils amended to a maximum 19%, 
organic content, hydroseeded, grass maintained at 95% density and 
4 inch length via mowing, periodic reseeding, possible landscaping 
with harbeceous shrubs. 
0.4 
Compost – amended filter strip. Compaction minimized, soils 
amended to a minimum of 10% organic content, fiber strip top-
dressed with > 3 vegetated compost or compost mulch. 
0.55 
 
1.3 Research Objective 
The major cost involved in construction of a VFS system is the cost of land 
associated with it. For the VFS system to effectively remediate the stormwater and 
sediment runoffs, it is required that sufficient area be provided for the infiltration and 
attenuation process to take place. Numerous methods are available in literature to easily 
determine the area of VFS required for a particular soil type and a particular set of 
rainfall characteristics. (Akan, 2014) developed a set of charts for quick hydrological 
evaluation of vegetative filter strips. A designer could easily use these tables to determine 
the length of the filter strip required for stormwater control for a particular scenario. 
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Though these methods are effective in defining the mathematics of the flow through the 
system, there is no provision for optimizing the length of the VFS.  
The main objective of this study is to provide a methodology for optimization of 
the length of VFS required for stormwater management and sediment control. An 
optimization model has never been developed for the design of vegetative filter strips.  
The optimization model presented here aims at providing an optimal solution for design 
of vegetative filter strips (VFS) considering both stormwater management as well as 
sediment control. Numerous equations involved in defining the sheet flow over the filter 
strip and the infiltration into the underlying soil are non-linear in nature. Therefore, a 
non-linear programming type of optimization model is presented in this study. A general 
form of non-linear programming optimization is given by  (Mays & Tung, 2002) as 
shown in equations (1.3.1 - 1.3.3). 
Optimize (Minimize or Maximize) Z  = f(x)      1.3.1 
for decision variables  x = (x1, x2, x3,…, xn) 
Subject to  
G(x) = 0,           1.3.2 
   ≤     ≤            1.3.3 
where equation 1.3.2  is the set of constraints and equation 1.3.3 is the lower and upper 
bound on the decision variables.  
 The solution of the optimization model is accomplished using the General 
Algebraic Modeling System (GAMS). GAMS is a programming language, which merges 
the relational database theory and mathematical programming in order to suit the needs of 
strategic modelers (Rosenthal, 2015). GAMS programming language has some inherent 
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advantages that made its application for this optimization model highly feasible. These 
include concise representation, elemental input of data, availability of explanatory text 
feature and one document system for all information.  
  
   13
2. PREVIOUS MODELS FOR DESIGN OF VEGETATIVE FILTER STRIPS 
 
It has been well established through numerous studies of VFS systems for 
sediment control that slope, strip width, vegetation type, runoff and sediment 
characteristics are the factors affecting the sediment trapping capacity of VFS  (Jin & 
Romkens, 2001; Liu, Zhang, & Zhang, 2008; Pan et al., 2010; Zhang, Liu, Zhang, 
Dahlgren, & Eitzel, 2010).  (Beuselinck, Govers, Steegen, & Quine, 1999) performed 
flume studies to evaluate the influence of slope, sediment size and discharge and inflow 
sediment concentration on the sediment deposition in overland flow. 
 
2.1 Physical Models of VFS 
As far as computation of sediment trapping capacity of the VFS system is 
considered, several modeling efforts have been undertaken for the purpose of simulation.  
(Barfield, Tollner, & Hayes, 1979; Hayes, 1979; Tollner, Barfield, Haan, & Kao, 1976) 
developed one of the very first models for determining the filtration of suspended solids 
by artificial grass media at the University of Kentucky.  This model is based on the 
hydraulics of flow and transport and deposition profiles of sediments. The model, known 
as GRASSF is a physical model, which is run under laboratory conditions. This model 
was used by  (Wilson, 1988) to demonstrate the efficiency of VFS system in controlling 
the sediments from floodwater. Though these laboratory models gave credible 
information regarding performance of VFS systems, the hydrology component does not 
take into account the changes in runoff volume caused by the filter  (Muñoz-Carpena et 
al., 1999). The algorithm used in the University of Kentucky model involves a rainfall/ 
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runoff event with the field runoff reaching the upstream edge of the filter with time 
dependent flow rate and sediment load. The sediment trapping capacity of the VFS is 
explained in the algorithm by taking into consideration the reduction in the velocity of 
flow caused by the vegetation in the filter strip. This reduces the sediment transport 
capacity of the flow causing filtration of the sediment particles.  
 (Muñoz-Carpena et al., 1999; Muñoz-Carpena & Parsons, 2000; Muñoz-Carpena 
& Parsons, 2004) explain the field-testing performed in order to calibrate and test the 
VFSMOD model. The experimental setup included a field site in North Carolina 
Piedmont region, with soils including Cecil clayey, kaolinite, thermic, Typic Hapludult 
with a silty loam surficial horizon  (Parsons, Daniels, Gilliam, & Dillaha, 1994).  The 
results obtained from this physical experimental model provided various field parameters 
governing the VFSMOD model.  
Different conclusions could be observed from different studies conducted under 
different conditions. For example,  (Al-wadaey, Wortmann, Franti, Shapiro, & 
Eisenhauer, 2012) concludes that the sediment load reduction by VFS is about 52% of the 
original sediment load through his extensive experimental studies while,  (Daniels & 
Gilliam, 1996) reported the sediment removal load at 62%. The conclusions given by  
(Blanco-Canqui, Gantzer, Anderson, Alberts, & Thompson, 2004) show a sediment 
removal rate of 93%. Obviously, there are large differences in the conclusions of various 
studies and hence, it may be observed that the conclusions are largely dependent on 
numerous factors which may not be controllable.  
 (Deletic, 2000) explains the experimental setup used for calibrating the TRAVA 
model, the inputs of which were based on field observations. The parameters, which 
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required calibration, included hydraulic conductivity of saturated soil, Manning’s 
roughness coefficient and surface retention coefficient. The output from TRAVA, which 
includes the particle size distribution of the sediments, was compared with the field data 
obtained from the experimental setup (Deletic, Ashley, & Rest, 2000; Deletic, 2000). 
 
2.2 Mathematical Models for Stormwater Management and Sediment Control 
Modeling efforts have been used in the past to mathematically describe the 
hydraulics of vegetative filter strips, which were based upon the kinematic overland flow 
and Green-Ampt infiltration equations, such as the VFSMOD model developed by 
(Muñoz-Carpena et al., 1999). This model was later extended to the VFSMOD-W model 
by  (Muñoz-Carpena & Parsons, 2004) to include the generation of the upstream inflow 
hydrograph and the sediments graph for a specified design storm.  (Deletic & Fletcher, 
2006) also used the kinematic overland flow and Green-Ampt infiltration equations in 
field studies to assess the performance of VFS systems for urban stormwater 
management.  
“Models can help simulate the field conditions and predict the buffer 
effectiveness”  (Muñoz-Carpena & Parsons, 2004).  (Muñoz-Carpena & Parsons, 2004) 
presented the VFSMOD model for study of hydrology and sediment trapping of 
vegetative filter strips. This model combined the strength of numerical sub-model to 
describe overland flow and infiltration and algorithms developed specifically for the 
filtration of suspended solids by grass. VFSMOD model was tested using field data and 
reasonably simulated the field scenario.   The core of the VFSMOD modeling system is a 
computer simulation model developed to study hydrology, sediment and pollutant 
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transport through vegetative filter strips (VFS). The model comprises the following 
modules: (1) finite element solution for the overland flow equations; (2) Green-Ampt 
infiltration method for unsteady rainfall; (3) University of Kentucky grass sediment 
deposition and filtration; and (4) a new contaminant transport component.  The inputs for 
the VFSMOD model include hydrological inputs such as rainfall hyetograph, sediments 
inputs including the sediment graph, and the inputs related to the filter strip. At the end of 
the simulation, the outputs from the model included information on water balance, (field 
inflow, filter outflow and infiltration), sediment balance (field inflow, filter outflow and 
deposition), sediment graph, filter trapping efficiency, and sediment deposition pattern 
within the filter  (Muñoz-Carpena & Parsons, 2000).  
 The newer VFSMOD-W model is a design-oriented vegetative filter strip 
modeling system. The MS-Windows graphical user interface (GUI) integrates the 
numerical model VFSMOD, a utility to generate source (upslope disturbed area) inputs 
for the model based on readily available NRCS site characteristics (UH), and advanced 
uncertainty and sensitivity analysis, inverse calibration and design menu-driven 
components (http://abe.ufl.edu/carpena/vfsmod/ ). 
A mathematical model for simulating the sediment transport mechanism of VFS 
systems called TRAVA was given by  (Deletic, 2000). The model is used for assessment 
of the sediment removal efficiency of VFS and swales for non-submergent flow 
conditions. For simulation of the two main processess involved in sediment trapping in 
VFS systems, viz. generation of runoff and sediment transport, use of various equations 
including the modified Green-Ampt equations for infiltration analysis, the kinematic flow 
equation for describing the sheet flow over the system and a transport equation for 
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describing the sediment transport over the system has been used in this model. The model 
presented by  (Deletic, 2000; Deletic, 2001; Deletic & Fletcher, 2006) along with 
computation of outflow concentrations, predicts the outflow particle size distribution of 
the sediments based on the input size distribution of the sediments.TRAVA is an 
advancement compared to other models used, however, it is based on many 
approximations and field measurements taken at only one location.  
An observation could be made from the various models for vegetative filter strips 
discussed here that none of these models considered optimization of the VFS design. The 
purpose of this study is to optimize the design of filter strips, which has never been done 
before.  
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3. VFS STORMWATER MANAGEMENT MODEL (VFSSMM) 
 
3.1 Mathematical Formulation 
For the purposes of this study, the vegetative filter strip is designed and optimized 
for a parking lot, which is paved with concrete or other impervious material. Thus, no 
infiltration takes place through the paved area and the runoff is required to be handled by 
the VFS, which acts as the sole storm water control system in this example. Thus, the 
objective for the model is to determine the minimum length of the VFS, which meets the 
runoff and hydraulic requirements but is optimized in order to facilitate optimum use of 
land. 
Governing equations for overland sheet flow 
 Consider a rectangular sloped overland flow strip (see Figure 3) of total length L, 
such that the paved area length is Lp and the VFS length is Lg, such that Lp + Lg = L.  The 
kinematic wave equation for flow over the length L and unit width b for a total discharge 
of Q is 
  +    −    +  !"  =  0                                              (3.1.1) 
where, " is the depth of flow at time (t) and section (i),    is the rate of rainfall as a 
function of time (t), and !" is the infiltration rate as a function of time (t) at section (i). 
Note the same governing equation applies for the paved area and the VFS. The discharge 
per unit width of flow is defined using Manning’s equation  
$"  =  %&. (()                                                                                               (3.1.2)
   
1
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Figure 3 Schematic for VFSSMM model 
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where $"  = Q/b is the discharge per unit width of flow (specific discharge) as a function 
of time (t) at section (i), Kn = 1.0 m
1/3/s for SI units, Si is the slope of the plane, and n is 
Manning’s roughness coefficient.  
 The finite differences expression for the governing Equation (3.1.1) is 
*+, + *+, −   + !" =  0                   (3.1.3) 
Infiltration  
 The cumulative infiltration at time (t) and section (i), Fi
t, is based upon the 
following Green- Ampt relationship  (Chow, Maidment, & Mays, 1988) is 
-" = . ∗ 0123 + ψ ∗ (5" − 1) ∗ log 11 + :;∗(<)3=        (3.1.4) 
and the corresponding infiltration rate is 
!" = . >1 +  ψ <:?         (3.1.5) 
where, ψ is the wetting front suction head, pi is the porosity at section i, T =Time required 
for infiltration.  (Mays, 2011) &  (Todd & Mays, 2005) 
 For purposes of the optimization model Equation 3.1.4 is modified to include an 
error term ei,  
-" = . ∗ 0123 + ψ ∗ (5" − 1) ∗ log 11 + :;∗(<)3= + @"    (3.1.6) 
where ei is an error defined in order to take into consideration the infeasibility caused due 
to the inherently large number of unbounded variables in the equation when used in the 
optimization model.  
 Thus, the finite difference equation defining the overland flow for the paved area 
and the grassed area is 
   21
A%&∗.∗1B3
(&  * %&∗+,.∗1B+, 3
(& C
D +  * +,D  −     +  !"  =  0    (3.1.7) 
For the paved area the ∆x is Δxp and for the VFS area ∆x is Δxg. In the optimization 
model this equation is written for each time period and for each section of the grassed and 
paved areas. 
 
3.2 Optimization Model 
The objective function of the nonlinear programming (NLP) optimization model 
is to minimize the land required to accommodate the vegetative filter strip. Thus, the 
length of the vegetative filter strip (Lg) is the decision variable for the optimization 
model. For the purposes of this study, a unit length of the vegetative filter strip is thus 
considered to optimize the length of the vegetative filter strip, therefore optimizing  
(minimizing) the area. Figure 4 illustrates the overall optimization model developed as a 
part of this study for the design of VFS systems.  
As illustrated in Figure 3, the area under consideration in the model is divided 
into two portions viz. the paved region and the grass region (where the infiltration takes 
place along with additional rainfall). For the purposes of modeling, the width of the 
paved region and the width of the vegetative filter strips are divided into numerous 
sections, which are of an equal length. To avoid the infeasibility caused in the non-linear 
programming set-up using the number of sections in the unknown VFS length, as a 
variable, the number of the sections used therein is assumed to be constant. Thus the 
principal variable here is the length of the sections in the grass portion of the set-up.  
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 Equation 3.1.3 is the finite difference for the continuity between the nodes, while 
Equations 3.1.5 and 3.1.6 model the Green and Ampt infiltration model for the same. 
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Figure 4 Optimization Model (VFSSMM) for VFS design
 
Input Parameters:- 
1. Hydrologic data – Rainfall hyetograph, Green & 
Ampt Parameters 
2. Length of the paved section for which VFS is 
designed (Lp) 
3. Hydraulic parameters – Manning’s coefficients 
(n), bed slope (Si), Maximum allowable outflows 
(Qoutflow) 
Optimization Model for VFS 
design  
NLP GRG solver  
(MS-Excel / GAMS) 
Output:- 
Optimized 
length of VFS 
(Lg) 
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Equation 3.1.7 gives the final form of the finite difference equation to be used in the 
model. Hence, the complete operational mechanism of the vegetative filter strip is 
defined by this set of equations. For the purposes of optimization, these equations are 
used as constrains, while the objective is to minimize the length of the VFS. 
The objective function for the non- linear programming optimization model for 
the vegetative VFS is to minimize Δxg 
Minimize Z = Δxg                                  (3.2.1) 
Subject to the constraints defined by Equations 3.2.5, 3.2.6 and 3.2.7 written for each 
time (t) and section (i) form the constraints for the optimization model.  Non-negative 
constraints are required for the decision variable Δxg along with limitations (upper and 
lower bounds) on the variables. These include a lower limit of 0.001 for the decision 
variable Δxg, a lower bound of 0.001 cm for the depth of flow and an error (ei), used in 
order to reduce the number of iterations and the convergence in the model, with an upper 
bound of 0.00001.   
 The rainfall hyetograph (or constant rainfall) is an input to the optimization model 
in addition to the parameters of the infiltration equations. The slopes of the paved and 
grassed areas, which could all be equal or could vary by the section and the Manning’s 
roughness factors for the paved and grassed areas, are also inputs to the model. The 
model was solved using the solver in Microsoft Excel and the general algebraic modeling 
system (GAMS). 
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4. RESULTS FOR VFSSMM 
 
4.1 Solutions Using Excel Solver 
 The optimization model was first solved using Excel, using the non-negativity 
constraints and other limits for the variables in order to satisfy the conditions of the NLP 
generalized reduced gradient (GRG) methodology. These included the various upper and 
lower bounds for the depths, which were set at 0.01 cm, in order to reduce the range of 
values of variables, since the excel function uses numerous values of the variable to reach 
a solution. The convergence for the solution was kept at 0.0001 cm. Figure 5 depicts the 
solutions of the Excel model for different runs and times using eight section and eight 
time spans. The application uses different slopes and four sections for each, the paved 
length and the VFS length. The model was run using the Excel solver as a base run to 
confirm the non-linear programming model and determine whether it accurately describes 
the VFS system for storm water management.  
 As shown in Figure 5, the depth of flow reaches a constant value downstream of 
section 4. This describes the infiltration, taking place in the vegetative filter strip area, 
since the VFS is in place after this particular section. It can be concluded from this, that 
the set of equations used in the model adequately define the functioning of the vegetative 
filter strips.     
 Figure 5 shows the time profile of flow depths for different sections in the system. 
Water accumulates as the rain proceeds to a point in time when the inflow and outflow 
are balanced. Also, little accumulation of water is observed in the vegetative filter strip 
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section of the modeled area. This depicts the storm water mitigation provided by the VFS 
system.
   
2
7
 
Figure 5 Time Profile of Flow Depths for Ir = 1 cm/hr for a Sand VFS System Using Excel.
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4.2 Solutions from GAMS Using Single Design Rainfall 
The general algebraic modeling system (GAMS) is a high-level mathematical 
modeling system for programming and optimization. It consists of a language compiler 
and a stable of integrated high performance solvers (Rosenthal, 2015). This system 
enables sophisticated coding for optimization programs including linear, non-linear and 
mixed integer programming. The VFS model was coded in GAMS as a non-linear 
programming problem for solving the optimization. The GAMS solutions for the 
optimization model are illustrated in Appendix A and Appendix B. 
The inputs to the GAMS model include the soil parameters and the rainfall 
parameters. The width of the paved region is also an important parameter required for the 
optimization. Different types of soils including sand, loamy sand, sandy loam, loam, silt 
loam, sandy clay loam, clay loam, silty clay loam, sandy clay, silty clay, clay were used 
for running the model to ascertain the working of the model under different soil 
conditions, by changing the parameters such as effective porosity, wetting front suction 
head, hydraulic conductivity, effective saturation, etc., which are different for different 
soil conditions. These parameters define the infiltration characteristics of the soil and are 
the important parameters in the Green and Ampt equations.  
Running the GAMS model for different types of soils, it was discovered that the 
different soils have a certain maximum amount of rainfall, which can be managed 
meeting the outflow criteria and maintaining feasibility of the NLP model. This is 
observed because, when the rainfall intensity increases over a certain value, the rainwater 
accumulated in a certain section of the width of the VFS, surpasses the water, which gets 
infiltrated into the soil, the VFS cannot manage the excess volume of water. The 
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maximum rainfall intensities, which could be mitigated for various types of soils under a 
constant rainfall, beyond which it is technically infeasible to for the system to achieve the 
required level of attenuation, are illustrated in Table 2. The table also depicts the specific 
discharges for various times across the system. 
 The lengths of VFS required for different soil types, which is basically the 
objective function of the NLP formulation, was calculated for different soil types and 
their respective maximum rainfall intensities. All the other parameters were kept 
constant. Table 2 also illustrates the length of vegetative filter strip required for a 10 m or 
1000 cm long paved length of the parking lot. It is evident from the results illustrated in 
Table 2 that the rainfall mitigation capacity of VFS with a sandy overlay is considerably 
high as compared to the one with a loam overlay, for which the rainfall mitigation 
capacity is very low. Similar trends could be seen in case of the length of the VFS 
obtained through the optimization model, where the length required is considerably low 
in case of a sandy overlay while the length is considerably large even for a small intensity 
of rainfall in case of loam.  
The optimization model also calculates the profile of the flow or the depths of 
flow for various times and locations along the model. These are depicted for the case of 
sand - vegetative filter strip with a rainfall intensity of 1 cm/hr. Figure 6 gives a detailed 
profile for the depths of flow for the different times and locations of the model run.  
 
4.3 Solutions from GAMS Using Design Rainfall Hyetographs 
 In natural conditions, the rainfall intensities do not remain constant over the 
period of the storm. Generally, the time sequence of precipitation in typical storms is 
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derived by analysis of observed storm events. Hence, a provision was made in the GAMS 
model to provide the rainfall input in the form of a hyetograph. This was done by 
introducing a base rainfall and rainfall factors which when multiplied give the rainfall for 
that particular hour. Thus, a unit hyetograph was defined and the base rainfall, which was 
the average rainfall of the region, was introduced as a parameter. This further optimizes 
the vegetative filter strip size since the model does not consider the average or the 
maximum rainfall value only.  
 Design hyetographs are provided by local governments or organizations, which 
are used for various storm water systems throughout the region under its jurisdiction. 
Figure 7 shows a dimensionless hyetograph used as a design hyetograph for the VFS 
system being optimized. When a hyetograph is used as an input instead of a single 
rainfall, the results obtained are considerably different, including the maximum rainfall 
capacity and the length of the VFS. The maximum rainfall capacity is on account of the 
feasibility limitations for the model. Since, as seen in Table 3, most of these values 
exceed the natural rate of rainfall observed, the values of this maximum limit are 
reasonable. Table 3 illustrates the results obtained from the optimization model for 
different soil types using the hyetograph illustrated in Figure 7 and different rainfall 
scenarios in the optimization code as the inputs, while keeping all other inputs constant. 
These include the specific discharges and the optimized lengths of the VFS systems for 
different scenarios. Thus a sensitivity analysis for application of the model is presented 
through Table 3.
   
3
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Table 2 Specific Discharges and Optimized Lengths of a VFS for Different Soil Types for 10 meters of Paved Section Based Upon 
a Constant Rainfall 
Type 
of Soil 
Maximum 
allowable 
outflow 
(Qallow) 
(cm2/hr.) 
Mean Rate of 
Rainfall (ir) 
(cm/hr.) 
Optimized 
Length of 
VFS 
(cm) 
Type of Area 
: Paved/ 
Grassed 
Specific discharges (q) at different times 
(cm2/hour) 
t = 0 t = 1 t = 2 t = 3 t = 4 t = 5 t = 6 
Sand 1 1 82.3 Paved 0.00 0.71 2.24 4.40 7.09 10.2 13.8 
Sand    Grassed 0.00 0.03 0.09 0.21 0.38 0.64 1.00 
5 1 79.9 Paved 0.00 0.71 2.24 4.40 7.09 10.2 13.8 
   Grassed 0.00 0.22 0.70 1.42 2.37 3.56 5.00 
10 1 78.0 Paved 0.00 0.71 2.24 4.40 6.82 10.2 13.8 
   Grassed 0.00 0.48 1.54 3.06 4.99 7.30 10.0 
2 1.5 127.8 Paved 0.00 1.39 4.40 8.63 13.9 20.1 27.1 
   Grassed 0.00 0.06 0.21 0.45 0.81 1.31 2.00 
5 1.5 Infeasible Paved - - - - - - - 
   
3
2
   Grassed - - - - - - - 
Loamy 
Sand 
1 1 311.0 Paved 0.00 0.71 2.24 4.40 7.09 10.2 13.8 
   Grassed 0.00 0.04 0.14 0.29 0.47 0.71 1.00 
2 1.5 532.1 Paved 0.00 1.39 4.40 8.63 13.9 20.1 27.1 
   Grassed 0.00 0.09 0.29 0.58 0.97 1.44 2.00 
10 1.8 594.9 Paved 0.00 1.88 5.96 11.6 18.8 27.2 36.7 
   Grassed 0.00 0.49 1.55 3.07 4.99 7.31 10.0 
10 2 Infeasible Paved - - - - - - - 
Loamy 
Sand 
   Grassed - - - - - - - 
Sandy 
Loam 
1 0.1 43.3 Paved 0.00 0.02 0.05 0.10 0.15 0.22 0.30 
   Grassed 0.00 0.05 0.17 0.33 0.52 0.75 1.00 
1 1 Infeasible Paved - - - - - - - 
   Grassed - - - - - - - 
  
   
3
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Table 3 Discharges and Optimized Lengths of a VFS for Different Soil Types for 10 meters of Paved Section Based Upon a 
Design Hyetograph 
Type of 
Soil 
Maximum 
Allowable 
Outflow 
(Qallow) 
(cm2/hr) 
Mean Rate 
of Rainfall 
(IR) 
(cm/hr) 
Optimized 
Length of 
VFS 
(cm) 
Type of Area 
: Paved/ 
Grassed 
Specific discharges at different sections (q) 
(cm2/hour) 
t = 0 t = 1 t = 2 t = 3 t = 4 t = 5 t = 6 
Sand 10 2 148.7 Paved 0.0 1.7 5.58 12.6 19.5 26.0 32.6 
Sand    Grassed 0.0 0.0 0.42 9.41 10.0 4.03 0.01 
10 2.5 193.3 Paved 0.0 2.5 8.08 18.3 28.2 37.6 47.1 
   Grassed 0.0 0.0 0.40 9.36 10.0 4.07 0.02 
10 5 450.9 Paved 0.0 7.8 25.6 57.9 89.2 118 148 
   Grassed 0.0 0.36 1.98 16.5 20.0 13.6 6.12 
10 8 1082.2 Paved 0.0 17.1 55.9 126 194 257 321 
   Grassed 0.0 0.01 0.35 9.23 10.0 4.14 0.04 
10 10 1849.9 Paved 0.0 24.9 80.9 182 280 371 462 
   
3
4
   Grassed 0.0 0.01 0.36 9.27 10.0 4.08 0.02 
Loamy 
Sand 
5 2 616.1 Paved 0.0 1.71 5.58 12.6 19.5 26.0 32.6 
   Grassed 0.0 0.17 0.74 3.89 5.00 4.20 2.91 
20 3 920.6 Paved 0.0 3.36 10.9 24.8 38.2 50.9 63.7 
   Grassed 0.0 1.08 3.88 12.6 17.9 19.6 20.0 
30 5 Infeasible Paved - - - - - - - 
   Grassed - - - - - - - 
Sandy 
Loam 
2 1 2792.9 Paved 0.0 1.71 5.58 12.6 19.5 26.0 32.6 
Sandy 
Loam 
   Grassed 0.0 0.02 0.10 0.84 1.00 0.65 0.25 
5 2.5 3388.2 Paved 0.0 2.48 8.08 18.3 28.2 37.6 47.1 
   Grassed 0.0 0.27 0.98 3.45 4.79 5.00 4.80 
5 3 12439 Paved 0.0 3.36 10.9 24.7 38.2 50.9 63.7 
   Grassed 0.0 0.27 0.98 3.46 4.80 5.00 4.79 
17.5 2 205415.9 Paved 0.0 2.48 8.08 18.3 28.2 37.6 47.1 
   Grassed 0.0 0.92 3.08 7.79 11.7 14.7 17.5 
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Figure 6 Flow Depth Profile for Vegetative Filter Strip (VFS) for Ir = 1.0 cm/hr and a 
sand VFS System Using GAMS 
 
Figure 7 Dimensionless Rainfall Hyetograph for Design (6 Hour Peak Hyetograph) 
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4.4 Case Studies  
 
The optimization methodology was applied to a proposed road drainage design for the 
city of Ahmedabad, India.  (Congress, 2001) gives the design guidelines for drainage 
works for flexible pavements in India. It is recommended that the storm drainage works 
for urban roads should be designed for a return period of 20 years. It is proposed that a 
VFS system be provided for a 22 m wide road in the city of Ahmedabad.  (Patel, 
Timbadiya, & Patel, 2015) developed a set of intensity duration curves and hyetographs 
for the city of Ahmedabad that were used for this study.  Figure 8 shows the design 
rainfall hyetograph for a return period of 20 years used for the study.  
The methodology developed using GAMS for VFS design was applied for 
determination of optimized VFS length. Since, an existing system of storm sewers is 
already in place in the city, with a capacity to handle 25 cm2/ hr, the allowable outflow 
for the VFS was set at this value for optimization purposes. Table 4 gives the results of 
application of the optimization model for this case. It is evident from the results that the 
optimized length of VFS for the road is computed at about 12.5 m, i.e 6.25 meters on 
each side of the pavement. This being an area of particularly high precipitation in the 
tropical country of India, it is evident that the length of VFS required is about 57% of the 
width of pavement. Thus, such a system would be only feasible in a scenario of high 
precipitation if enough right of way is available.  
A second case study was performed for the Tempe, Arizona, United States. Being 
a part of the Sonoran desert, the area is a semi - arid region with low rainfall. 
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Investigations performed by (Means, 1902) show that the soils in the area are mostly of 
sandy clayey nature. With a low rainfall and a soil having low infiltration rates, it is 
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Figure 8 Six-hour Storm Rainfall Hyetograph for Ahmedabad, India. (20 Year Return 
Period) 
 
 
Figure 9 Dimensionless Hyetograph for City of Tempe, AZ, United States. 
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evident that the VFS system designed for the area would have a comparatively smaller 
length. The optimization methodology presented in this paper was applied for the 
hydrological and topographical data for Tempe for VFS design of a parking lot.  
(Engineering Division, Flood Control District of Maricopa County, 2013) give a 
set of dimensionless patterns for rainfall in the Tempe area. A 6-hour storm was used for 
the analysis. A dimensionless hyetograph, with a mean rainfall value as input as shown in 
Figure 9, was prepared using the data given by (Engineering Division, Flood Control 
District of Maricopa County, 2013). The mean rate of rainfall used for the analysis is 1.2 
cm/hr (20 year return period storm). A VFS system for a 22 m parking lot was designed 
using the model. The results are displayed in Table 5.  The results show that though the 
soil has a low infiltration rate, a small width of VFS is sufficient to contain most of the 
runoff. It is evident from Table 5 that most of the outflows at different times from the 
system are well within the limits and hence, the optimized length is sufficient for 
containment of runoff. 
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Table 4 Case study: Design of VFS for Chandola Lake Road, Ahmedabad, India. 
Location Chandola Lake road, Ahmedabad, India. 
Width of Road  22 m 
Length of road 8 km 
Type of Soil Sand 
Optimized Length of 
VFS system  
1251.37 cm 
 Specific Discharge (cm2/hr.) 
Time 0         1 2 3 4 5 6 
Type of Area 
(paved/grassed) 
       
Paved 0 9.7 33 79.1 119.2 165.6 199.32 
Grassed 0.0 0.1 1.8 22.3 23.4 25.0 8.5 
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Table 5 Case Study on Design of VFS for Parking Lot in Tempe, Arizona, USA. 
Location Tempe, AZ, United States 
Width of Area 22 m 
Length of Area 100 m 
Type of Soil Sandy Clay 
Optimized Length of 
VFS system  
412.40 cm 
 Specific Discharge (cm2/hr.) 
Time 0         1 2 3 4 5 6 
Type of Area 
(paved/grassed) 
       
Paved 0.0 0.07 0.02 0.05 1.30 1.67 1.77 
Grassed 0.0 0.0 0.00 0.04 0.41 2.00 2.00 
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5. VFS SEDIMENT CONTROL MODEL (VFSSCM) 
 
5.1 Mathematical Formulation for Sediment Transport in VFS  
The main processes involved in sediment transport in runoff include detachment of 
particles, transport of particles, deposition of particles and infiltration of particles(Deletic, 
2000). Kinetic energy of the rain drops and shear strength of the overland flow cause 
detachment of the particles. Soil particles are predominantly splashed in case of shallow 
depths (Deletic, 2000). This phenomenon is ignored in the model, since the grass in a 
VFS system makes the splashing of soil particles due to raindrops negligible(Deletic, 
2001).  
Various models have been presented to define the sediment trapping mechanism 
of sediment trapping in grassed areas.  (Deletic, 2001) presents a model considering the 
settlement of sediments on the VFS for various conditions of rainfall. The model was 
developed for two conditions viz. a constant rainfall throughout the storm event and a 
rainfall hyetograph for a particular storm event. The phenomenon of infiltration of 
particles into the soil is neglected in this case, while the model considers the initial soil 
moisture as a constant. These assumptions are reasonable, as shown by the various field 
studies performed by  (Deletic et al., 2000).  Other inputs included the width occupied by 
the grass blades. The results of the tests conducted by (Deletic, 2001) conclude that the 
trapping efficiency for sediment fraction is a function of particle fall number (Nf,s) for 
particle ‘s’ of diameter ds, which is expressed as 
E",G,H =  DIJK J                       (5.1.1) 
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Where Δxg is the length of the VFS (cm), Vs is the Stoke’s settling velocity, and V is the 
velocity between grass blades. These velocities are given by (Deletic, 2001) as 
" =  LM                   (5.1.2)        
H =  NOP  (QH −  Q) RHS                        (5.1.3) 
where, B0 is the open flow width per unit width, $" is the unit discharge (m3/s-m), μ is the 
dynamic viscosity of water (g/s-cm), ρ the water density (g/cm3), ds is the particle 
diameter (cm) and ρs is the particle density (g/cm
3).   
(Deletic et al., 2000) present an experimental process through which data was 
gathered to assess the sediment removal capacity of the grass filter strips. Based on this 
data, a semi-empirical equation is given to define the trapping efficiency for particles of 
fraction of size ‘s’.  (Deletic, 2001) defined trapping efficiency (T", ,H ) as a function of the 
particle fall number (E",G,H ) as 
T", ,H =  (U,V,K ).WX(U,V,K ).WXY	.
Z               (5.1.4) 
Trapping efficiency for sediments could also be expressed in terms of sediment 
concentrations as follows, 
T", ,H =  [&, *[M\,[&,                                                                                                         (5.1.5)     
where,   T", ,H  is the trapping efficiency of a particle fraction of size ‘s’ at section ‘i’ and 
time ‘t’. ]","  is the inflow concentration of sediments at section ‘i’ and time t, while 
]^_," is the outflow concentration of sediments at section ‘i’ and time t . Thus, using these 
equations, the outflow concentration (]^_," )  from the VFS system is determined. 
]^_," =  ]","  −   ]"," ∗ T", ,H             (5.1.6) 
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Figure 10 Schematic for VFSSCM
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Therefore, the mechanism of sediment trapping for a VFS is modeled using the 
reasonable assumptions of the various factors affecting the functioning of the VFS 
system.  
 
5.2 Optimization Model for Runoff and Sediment Control 
The basic aim of the nonlinear programming (NLP) optimization model is to 
minimize the land required to accommodate the VFS. Thus, the length (Lg) is the decision 
variable for the optimization model. For the purposes of this study, a unit length of the 
vegetative filter strips (Δxg ) is thus considered to optimize the length, therefore in turn 
optimizing  (minimizing) the area. The sediment trapping efficiency (T", ,H ) condition is 
formulated as a constraint in the optimization model. 
Thus, the objective for non- linear programming optimization model for the VFS 
is to minimize Δxg is given as, 
Minimize Z = Δxg                       (5.2.1) 
Subject to the constraints: equations (3.1.5, 3.1.6, 3.1.7, 5.1.1, 5.1.2, 5.1.3 and 
5.1.6) written for each section and for each time period.  Non-negativity constraints are 
required for the decision variable Δxg along with limitations (upper and lower bounds) on 
the variables. These include a lower limit of 0.001 for the decision variable Δxg, a lower 
bound of 0.001 m for the depth of flow and an error function, used in order to reduce the 
number of iterations and the convergence in the model, with an upper bound of 0.00001.  
The model considers an upper bound for the maximum allowable discharge from the VFS 
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for the purpose of optimization and the resulting length width of the grass filter strip is 
such that it meets all the requirements for these multiple criteria.
   
4
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Figure 11 Average Sediment Trapping Efficiency Vs Rainfall Intensity
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6. RESULTS FOR VFSSCM 
6.1 Sediment Trapping Capacity Determination Using GAMS 
  The general algebraic modeling system (GAMS) was used to solve the 
optimization model for VFS design for sediment control. The code gives a solution for 
the sediment trapping capacity for the particular VFS length (Lg) for different run times 
and soil types.  
Input required for the model includes various soil parameters for the type of the 
sediments and hydraulic parameters such as manning’s constants, bed slopes etc. 
combined with the properties of the sediment particles and initial conditions as defined in 
the equations (3.1.5, 3.1.6, 3.1.7, 5.1.1, 5.1.2, 5.1.3 and 5.1.6). Table 6 is a list of the 
various initial conditions and parameters used for the modeling purpose. Considering that 
the standard temperature conditions (20o C) have been applied for the model, Table 7 
gives the other parameters used for modeling VFS systems for various soil types. The 
optimized lengths of VFS systems and sediment trapping capacities are also included in 
Table 7, which are the required outputs of the model. The model uses the rainfall 
hyetograph depicted in Figure 4 as an input.  
The optimization model was applied for a characteristic dimensionless hyetograph 
based upon the data given by (Engineering Division, Flood Control District of Maricopa 
County, 2013) for city of Tempe, AZ, United States as shown in Figure 9. 
 
6.2 Application of Optimization Model 
A sensitivity analysis was performed for various soils found in the area as given by 
(Means, 1902) and for various intensities of rainfall for the region. Table 6 gives the 
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Table 6 Initial Parameters and Conditions for VFSSCM Sensitivity Analysis. 
Sr. No Abbre. Description Value Units 
1 Kn Constant for finite difference 1 - 
2 Lp Length of paved area  1000 Cm 
3 N Manning's constant for grassed section 0.1 - 
4 R Average intensity of rainfall  Varies cm/hr 
5 Qallow Maximum allowable discharge for outflow Varies cm
2/hr 
6 B0 Open flow width per unit grass width 0.8 - 
7 Ρ(solid) Density of solid particle  2.798 g/cm
3 
8 Ρ(water) Density of water at 20C  0.9982 g/cm
3 
9 SEDSIZE Mean size of sediment particles  0.01 cm 
10 g Gravitational acceleration  9.81 m/s2 
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Table 7 Application of Optimization Model (VFSSCM) for Sediment Control 
Type of soil Average 
rainfall 
intensity 
(cm/hr) 
Maximum 
allowable 
outflow 
(cm2/hr) 
Optimized 
VFS 
length (m) 
Average 
Sediment 
trapping 
efficiency 
(%) 
Ouflow concentration at different times for inflow 
concentration (Cin) of 1000 g/cc 
(g/cc) 
t = 1 t = 2 t = 3 t = 4 t = 5 t = 6 
Silty Clay 1.2 5 7.01 21.6 740 662.6 574.07 909.4 913.8 905.2 
 2 5 22.08 35.5 562.2 470.4 378.05 819.65 827.84 812.45 
 2.5 5 61.63 50 387.5 304.3 230.5 691.2 703.12 680 
 3 10 37.1 31.5 577.25 527.75 493.2 833.3 844.3 836.7 
 4 20 33.96 21.2 692.2 672.05 667.2 893.9 902.91 900.58 
Sandy Clay 1.2 5 7.58 21.8 725.4 658.8 591.2 904.2 909.6 901.9 
 2 6 20.37 30.9 598.1 532.3 476.2 843.1 852.2 842.4 
 3 10 43.99 33.4 545.1 503.88 479.3 815.5 828.2 821.5 
 4 35 14.99 9.6 849.8 847.4 853.3 955.7 960.09 960.8 
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Loam 2 5 10.3 35.2 713.6 508.8 23.91 890.5 889.65 863.26 
 3 5 31.9 39.4 647.4 432.83 17.1 857.1 856.1 823.18 
 4 39 9.45 7.1 898.4 883.8 875.2 970.29 972.7 971.5 
Sandy Loam 1.2 20 1.5 18.6 961.5 910.4 54.5 987.7 987.4 983.5 
 2 25 2.5 8.8 951.5 903.5 664 984.8 984.78 981.1 
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results for the application of the optimization model for design of VFS system in the city 
of Tempe, AZ for the purpose of sediment control. Optimized length of VFS, which is the 
objective function and the corresponding average sediment trapping efficiencies, are 
given in Table 7. Figure 11 depicts the relationship between the rainfall intensities and 
the corresponding sediment trapping efficiencies. It could be concluded from Figure 11 
that for a certain limit, initially the sediment trapping efficiency goes on increasing with 
the intensity of rainfall and thereafter a fall in the sediment trapping efficiency could be 
observed. Thus, for higher values of rainfall intensities, VFS becomes ineffective in 
controlling the sediments flow.  
The sensitivity analysis performed using the soil and rainfall parameters for the 
city of Tempe, AZ, shows that VFSSCM could be applied for different types of 
underlying soils such as silty clay, sandy clay, loam, sandy loam, etc. and different types 
of rainfall scenarios.    
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7. SUMMARY, CONCLUSIONS & RECOMMENDATIONS 
7.1 Summary  
A new methodology for the design of vegetative filter strips that minimizes the 
amount of land required for the strips is developed.  The nonlinear programming (NLP) 
optimization model has been successfully applied using both the Solver package of Excel 
and the General Algebraic Modeling System (GAMS).   
 Applications of the model for different conditions of weather and soil type are 
also presented in this thesis. The objective is to minimize the size of the VFS for a given 
soil type, overland flow characteristics and rainfall inputs. The model has various 
applications including design as well as analysis of the VFS system. Results in this work 
also suggest that by employing this model for VFS design, huge cost savings in terms of 
land costs could be made by reaching an optimized area for the VFS system. 
Though there are a few limitations to the applicability of the model, the new 
methodology could be applied in most of the natural conditions experienced on site. The 
methodology also gives flexibility for site-specific conditions.   
 
7.2 Conclusions  
 (Akram, Yu, & Ghadiri, 2015; Getahun, Stroosnijder, Maroulis, Keesstra, & 
Baartman, 2015) conclude that the sediment trapping capacities of various soil types are 
dependent on their infiltration capacities and the length of the vegetative filter strips 
provided. Since, in the optimization models (VFSSMM & VFSSCM) presented here, the 
length of VFS required are higher for soils with lower infiltration capacities, it could be 
easily concluded that the VFS systems designed with soils having lower infiltration 
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capacities would have a higher sediment trapping capacity, provided that the outflow 
requirements are kept constant. Table 3 depicts the trapping efficiencies for various soil 
types and rainfall scenarios. It is observed that the sediment trapping efficiency is highly 
dependent on the discharge of the overland flow in the VFS and therefore on the rainfall 
intensities observed at different times. The length of the VFS, which is the objective 
function of the optimization model presented in this study, also affects the sediment 
trapping efficiency of the VFS system. Larger the length of the VFS, larger is the 
sediment removal efficiency. Other parameters affecting the sediment trapping capacity 
of the VFS system are the mean diameter and density of the sediment particle. These 
parameters affect the settling velocity of the particle, which in turn affects the sediment 
trapping efficiency of the system, which is directly proportional to the settling parameters 
of the sediment particles.  
The methodology developed herein was applied to a range of scenarios by 
changing the various input parameters. This enabled a test on the robustness of the 
methodology and its applicability to various situations that might be observed on site. 
These variations in the scenarios included different types of soils, different hydrological 
conditions and a variance in the hydraulic parameters. It was observed through the 
various results obtained from the model that the methodology is applicable for a vast 
range of scenarios with certain limitations. These limitations include extreme scenarios, 
which make the optimization infeasible. Since, the probability of experiencing such 
extreme scenarios in natural conditions is very rare, it could be rightly concluded that the 
methodology is applicable to almost all the natural scenarios where the system is to be 
employed. Results in this work also suggest that by employing this model for VFS 
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design, huge cost savings in terms of land costs could be made by reaching an optimized 
area for the VFS system. 
 
7.3 Recommendations for Further Study 
 Though the model presented in this thesis is effective in the optimization of 
design for VFS for stormwater management and sediment control considerations, there 
are a few improvements that could be done to the present model to make it more 
effective. These improvements in further study include 
1. Improvement of model for better feasibility and applicability 
 Some limitations of the model presented here include ineffectiveness of the model 
in simulating the transport of very fine sediments, simulation of a combination of VFS 
with other stormwater systems, optimization of a rainfall scenario where the rainfall 
intensity exceeds the infiltration leading to infeasibility, etc. These limitations of the 
model could be addressed using alternative optimization techniques including 
evolutionary algorithms such as Genetic Algorithm (GA), Simulated Annealing (SA) etc.  
 Another important improvement to the model could be the inclusion of 
maximization of contaminant removal as an objective function. This could be a good 
addition to the present model with consideration of various chemical removal rates and 
other parameters.  
2. Interface model with VFSMOD-W model 
 Interfacing the optimization model presented here with the VFSMOD-W model 
discussed earlier could enhance the applicability and utility of the model as a whole. The 
VFSMOD-W model, simulates the overland flow, sediment removal and chemical 
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contaminant removal effectively with a user friendly interface for VFS design. The 
optimization model presented in this thesis could be used in conjunction with the 
VFSMOD-W model to obtain optimized design for VFS for various purposes and 
scenarios.  
  
   57
REFERENCES  
Abu Zreig, M., Rudra, R. P., & Whiteley, H. R. (2001). Validation of a vegetated filter 
strip model (VFSMOD). Hydrological Processes, 15(5), 729-742. 
doi:10.1002/hyp.101 
Abu Zreig, M., Rudra, R. P., Lalonde, M. N., Whiteley, H. R., & Kaushik, N. K. (2004). 
Experimental investigation of runoff reduction and sediment removal by vegetated 
filter strips. Hydrological Processes, 18(11), 2029-2037. doi:10.1002/hyp.1400 
Akan, A. (2014). Hydrologic modeling of urban vegetative filter strips. Journal of 
Hydrologic Engineering, 19(1), 188-195. doi:10.1061/(ASCE)HE.1943-
5584.0000761 
Akram, S., Yu, B., & Ghadiri, H. (2015). Modelling flow and sediment trapping upstream 
and within grass buffer strips. Hydrological Processes, 29(14), 3179-3192. 
doi:10.1002/hyp.10435 
Al-wadaey, A., Wortmann, C. S., Franti, T. G., Shapiro, C. A., & Eisenhauer, D. E. 
(2012). Effectiveness of grass filters in reducing phosphorus and sediment runoff. 
Water, Air, & Soil Pollution, 223(9), 5865-5875.  
Barfield, B., Tollner, E., & Hayes, J. (1979). Filtration of sediment by simulated 
vegetation. I. steady-state flow with homogeneous sediment. Transactions of the 
ASAE [American Society of Agricultural Engineers](USA),  
Beuselinck, L., Govers, G., Steegen, A., & Quine, T. A. (1999). Sediment transport by 
overland flow over an area of net deposition. Hydrological Processes, 13(17), 2769-
2782. doi:10.1002/(SICI)1099-1085(19991215)13:17<2769::AID-
HYP898>3.0.CO;2-X 
Blanco-Canqui, H., Gantzer, C., Anderson, S., Alberts, E., & Thompson, A. (2004). 
Grass barrier and vegetative filter strip effectiveness in reducing runoff, sediment, 
nitrogen, and phosphorus loss. Soil Science Society of America Journal, 68(5), 1670-
1678.  
Central Intelligence Agency. (2011). The CIA world factbook 2012 Skyhorse Publishing 
Inc. 
Chow, V. T., Maidment, D. R., & Mays, L. W. (1988). Applied hydrology. New York: 
McGraw-Hill. 
Congress, I. R. (2001). Guidelines for the design of flexible pavements. Indian Code of 
Practice, IRC, 37 
   58
Daniels, R. B., & Gilliam, J. W. (1996). Sediment and chemical load reduction by grass 
and riparian filters. Soil Science Society of America Journal, 60(1), 246. 
doi:10.2136/sssaj1996.03615995006000010037x 
Deletic, A., Ashley, R., & Rest, D. (2000). Modelling input of fine granular sediment into 
drainage systems via gully-pots. Water Research, 34(15), 3836-3844.  
Deletic, A. (2000). Sediment behaviour in overland flow over grassed areas (Doctoral 
Dissertation, University of Aberdeen.).  
Deletic, A. (2001). Modelling of water and sediment transport over grassed areas. 
Journal of Hydrology, 248(1), 168-182. doi:10.1016/S0022-1694(01)00403-6 
Deletic, A., & Fletcher, T. D. (2006). Performance of grass filters used for stormwater 
treatment—a field and modelling study. Journal of Hydrology, 317(3), 261-275. 
doi:10.1016/j.jhydrol.2005.05.021 
Dillaha, T. A., & Hayes, J. C. (1991). A procedure for design of vegetative filter strips. 
Final Report to USDA Soil Conservation Service, Washington DC, , 48.  
Engineering Division, Flood Control District of Maricopa County. (2013). Drainage 
design manual for maricopa county, arizona. Phoenix, Arizona.: Flood Control 
District of Maricopa County. 
Flanagan, D. C., Foster, G. R., Neibling, W. H., & Burt, J. P. (1989). Simplified 
equations for filter strip design. Transactions of the ASAE., 32, 2001-2007.  
Garg, S. K. (2009). Irrigation engineering and hydraulic structures. New Delhi: Khanna. 
Getahun, M. M., Stroosnijder, L., Maroulis, J., Keesstra, S. D., & Baartman, J. E. M. 
(2015). Soil conservation through sediment trapping: A review. Land Degradation 
and Development, 26(6), 544-556. doi:10.1002/ldr.2308 
Ghadiri, H., Rose, C. W., & Hogarth, W. L. (2001). The influence of grass and porous 
barrier strips on runoff hydrology and sediment transport. Transactions of the ASAE., 
44(2), 259-268.  
Han, A., Wu, A. S., & Allan, C. (2005). Suspended sediment removal by vegetative filter 
strip treating highway runoff. Journal of Environmental Science and Health.Part A, 
Toxic/Hazardous Substances & Environmental Engineering, 40(8), 1637-1649.  
Hayes, J. C. (1979). Evaluation of design procedures for vegetal filtration of sediment 
from flowing water (P.hD dissertation, university of kentucky). 
   59
Hussein, J., Ghadiri, H., Yu, B., & Rose, C. W. (2007). Sediment retention by a stiff 
grass hedge under subcritical flow conditions. Soil Science Society of American 
Journal, 71, 1516-1523.  
Hussein, J., Yu, B., Ghadiri, H., & Rose, C. (2007). Prediction of surface flow hydrology 
and sediment retention upslope of a vetiver buffer strip. Journal of Hydrology, 
338(3), 261-272. doi:10.1016/j.jhydrol.2007.02.038 
Iowa State Department of Natural Resources. (2009). Iowa state stormwater management 
manual. Des Moines, IA, US: Iowa State Department of Natural Resources. 
Jin, C., & Romkens, M. (2001). Experimental studies of factors in determining sediment 
trapping in vegetative filter strips. Transactions of the ASAE, 44(2), 277-288.  
Le Bissonnais, Y., Lecomte, Y., & Cerdan, O. (2004). Grass strip effects on runoff and 
soil loss. Agronomie, 24(3), 129-136.  
Lee, K., Isenhart, T., Schultz, R., & Mickelson, S. (1998). Nutrient and sediment removal 
by switchgrass and cool-season grass filter strips in central iowa, USA. Agroforestry 
Systems, 44(2-3), 121-132.  
Liu, X., Zhang, X., & Zhang, M. (2008). Major factors influencing the efficacy of 
vegetated buffers on sediment trapping: A review and analysis. Journal of 
Environmental Quality, 37(5), 1667-1674.  
Mays, L. W., & Tung, Y. (2002). Hydrosystems engineering and management Water 
Resources Publication. 
Mays, L. W. (2011). Water resources engineering (2nd ed.). Hoboken, NJ: John Wiley & 
Sons, Inc. 
Means, T. (1902). Soil survey in salt river valley College of Agriculture, University of 
Arizona (Tucson, AZ). 
Muñoz-Carpena, R., & Parsons, J. E. (2000). VFSMOD, vol. 1.04, user’s manual. North 
Carolina State University, Raleigh,  
Muñoz-Carpena, R., & Parsons, J. E. (2004). Soil & water - A design procedure for 
vegetative filter strips using VFSMOD-W. Transactions of the ASAE., 47(6), 1933.  
Muñoz-Carpena, R., Parsons, J. E., & Gilliam, J. W. (1999). Modeling hydrology and 
sediment transport in vegetative filter strips. Journal of Hydrology, 214(1), 111-129. 
doi:10.1016/S0022-1694(98)00272-8 
   60
National Research Council (U.S.), Committee on Reducing Stormwater Discharge 
Contributions to Water Pollution, National Academies Press (U.S.), National 
Research Council (U.S.), ebrary, I., Water Science and Technology Board, . . . 
Division on Earth and Life Studies. (2009). Urban stormwater management in the 
united states. Washington, D.C: National Academies Press. 
New Jersey Department of Environmental Protection. (2004). Stormwater best 
management practices manual. Trenton, NJ: New Jersey Department of 
Environmental Protection. 
Novotny, V. (2003). Water quality: Diffuse pollution and watershed management (2nd 
ed.). Hoboken, N.J: J. Wiley. 
Olness, A. (1995). Water quality: Prevention, identification and management of diffuse 
pollution. Journal of Environment Quality, 24(2), 383. 
doi:10.2134/jeq1995.00472425002400020024x 
Pan, C. Z., Ma, L., & Shangguan, Z. P. (2008). Influence of sediment concentration on 
deposition of silt and runoff hydraulics on grassland. Advances in Water Science, 
19(6), 857-862.  
Pan, C.,Z., Ma, L., & Shangguan, Z. (2010). Effectiveness of grass strips in trapping 
suspended sediments from runoff. Earth Surface Processes and Landforms, 35(9), 
1006-1013. doi:10.1002/esp.1997 
Pan, C.,Z., & Shangguan, Z. (2006). Runoff hydraulic characteristics and sediment 
generation in sloped grassplots under simulated rainfall conditions. Journal of 
Hydrology, 331(1), 178-185. doi:10.1016/j.jhydrol.2006.05.011 
Parsons, J. E., Daniels, R., Gilliam, J., & Dillaha, T. (1994). Reduction in sediment and 
chemical load agricultural field runoff by vegetative filterstrips. 
Patel, A. P., Timbadiya, P., & Patel, P. (2015). Development of IDF curves under non-
stationary meteorological condition. IAHR World Congress, (36) 
Pennsylvania Department of Environmental Protection. (2006). Pennsylvania stormwater 
best management practices manual Bureau of Watershed Management, Department 
of Environmental Protection. 
Rosenthal, R. E. (2015). GAMS - A user's guide. Washington DC, USA: GAMS 
Development Corporation. 
Soil Conservation Service. (1975). Urban hydrology for small watersheds. Washington, 
D.C, United States: Soil Conservation Service, US. Department of Agriculture. 
   61
Soil Conservation Service. (1988). Vegetative filter strips: Now eligible for CRP 
enrollment - consider the advantages. (). Washington, D.C.: Soil Conservation 
Service, U.S. Dept. of Agriculture.  
Todd, D. K., & Mays, L. W. (2005). Groundwater hydrology (3rd ed.). Hoboken, NJ: 
Wiley. 
Tollner, E. W., Barfield, B., Haan, C., & Kao, T. (1976). Suspended sediment filtration 
capacity of simulated vegetation. Trans ASAE Am Soc Agric Eng,  
Walsh, P. M., Barrett, M. E., Jr, J. F. M., & Charbeneau, R. J. (1998). Performance of 
vegetative controls for treating highway runoff. Journal of Environmental 
Engineering, 124(11), 1121-1128. doi:10.1061/(ASCE)0733-
9372(1998)124:11(1121) 
Washington State Department of Transportation. (2008). Vegetative filter strips (section 
6 a). Vegetative filter strips (). Seattle, WA.: Washington State Department of 
Transportation. 
Wilson, L. (1988). Sediment removal from flood water by grass filtration. 
Zhang, X., Liu, X., Zhang, M., Dahlgren, R. A., & Eitzel, M. (2010). A review of 
vegetated buffers and a meta-analysis of their mitigation efficacy in reducing 
nonpoint source pollution. Journal of Environmental Quality, 39(1), 76-84.  
 
  
   62
APPENDIX A 
GAMS SOLUTIONS FOR OPTIMIZATION MODEL FOR STORMWATER 
MANAGEMENT (VFSSMM)
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APPENDIX B 
 
GAMS SOLUTIONS FOR OPTIMIZATION MODEL FOR STORMWATER 
MANAGEMENT AND SEDIMENT CONTROL (VFSSCM) 
 
 
   72
 
   73
 
   74
 
   75
 
   76
 
   77
 
   78
 
   79
 
   80
 
   81
 
   82
 
